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SUMMARY 
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Measurements  of  wet  bulb,  dry  bulb,  globe  temperatures 
and  WBGT  Index  made  with  a  particular  'MINI LAB’  were  found  to  be 
mutually  Inconsistent.  An  investigation  into  the  source  of  the 
discrepancies  showed  that  they  were  largely  me thodo logical  and 
attributable  to  the  instrument.  Individual  measurements  of  wet, 
dry  and  globe  temperatures  were  found  to  be  reliable. 
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1.  INTRODUCTION 


As  part  of  a  continuing  Investigation  into  thermal  comfort 
and  thermal  stress  with  particular  emphasis  on  aircrew,  a  series  of 
temperature  measurements  were  made  at  RAAF  Pearce  in  Western  Australia 
during  a  three  week  period  in  February  and  March  1982  when  the 
highest  mid-summer  temperatures  were  expected.  The  investigating  team 
included  personnel  from  Aeronautical  Research  Laboratories  and  from 
the  RAAF  Institute  of  Aviation  Medicine. 

Various  measuring  instruments  and  techniques  were  used 
including  MINILAB  WB6T  Index  Meters  (Light  Laboratories,  UK),  WIBGET 
,  Heat  Stress  Monitors  (Reuter  Stokes,  Canada),  and  gastro- intestinal 
’  temperature  transducers  from  DC! EM,  Canada. 

In  particular  the  MINI  LAB  instruments  provide  facilities  for 
obtaining  measurements  of  wet  bulb  temperature,  dry  bulb  temperature, 
globe  temperature  and  also  a  weighted  sum  giving  WBGT.  For  the 
instrument  described  in  this  document  the  weighted  sum  could  be 
switched  to  either  of  the  nominal  values: 


WBGT),  =  0.7  T  +  0.3  T 

1  ,  w  9 

WBGT)-  =  0.7  T  +  0.2  T  +  0.1  T 

2  w  g  a 


where  <■ 

T^  is  wet  bulb  temperature 
Tg  is  globe  temperature 
T  is  dry  bulb  temperature. 

o 

Earlier  versions  of  the  MINILAB  are  understood  to  provide  only  the 
0.7/0. 3  weighted  sum. 


For  the  measurements  made  with  one  MINI  LAB  it  became  apparent 
that  the  measured  WBGTs  differed  from  the  appropriately  weighted  sum 
of  the  measured  T  ,  Tg  and  T  .  Discrepancies  up  to  2°C  were  noted, 
with  the  measuredwWBGT  consiitently  under-reading  the  calculated 
value.  The  nominal  accuracy  of  the  instrument  is  quoted  by  the 
manufacturer  as  ±0.5°C  over  the  range  10°C  to  60°C  for  each  of  the 
parameters  in  question. 


Whilst  errors  of  one  to  two  degrees,  in  an  absolute  sense, 
may  seem  to  be  trivial,  they  are  in  fact  quite  significant  when  near 
the  threshold  for  heat  stress  and  debilitation.  By  way  of  example 
the  protocols  adopted  by  the  US  Armed  Forces  on  temperature  (WBGT) 


limits  for  military  activities  are  as  given  in  Table  1.  The  WBGT 
span  from  "No  restriction”  to  "All  physical  activity  suspended”  is 
only  4.5°C. 


The  particular  investigation  into  aircrew  thermal  comfort/ 
stress  sought,  interal ia,  to  evaluate  the  quality  of  certain 
relationships  in  predicting  cockpit  WBGT  from  ground  based  preflight 
observations  of  wet,  dry  and  globe  temperatures.  For  that  purpose  and 
in  view  of  the  high  intrinsic  correlations  between  the  environment 
parameters,  errors  of  1  -  2®C  in  magnitude  would  be  likely  to  corrupt 
any  regression  analysis  to  the  point  where  results  would  be  of 
doubtful  value. 


WBGT 

ACTIVITY 

°F 

°C 

RESTRICTIONS 

Under  82 

Under  27.8 

No  restrictions  on  activities 

82  to  85 

27.8  to  29.4 

Discret  on  should  be  used  in 
planning  heavy  exercise  for 
unseasoned  personnel. 

85  to  88 

29.4  to  31.1 

Strenuous  exercise  such  as  marching 
at  standard  cadence  should  be 
suspended  for  unseasoned  personnel 
with  less  than  three  weeks  of  hot 
weather  training.  For  those  with 
more  than  two  weeks  of  training, 
activities  may  be  continued  on  a 
reduced  scale.  Outdoor  classes  in 
the  sun  should  be  avoided. 

88  to  90 

31.1  to  32.2 

Strenuous  exercise  should  be  curtailed 
for  all  with  less  than  twelve  weeks 
of  hot  weather  training.  Hardened 
acclimatized  personnel  can  carry  on 
limited  activities  for  periods  not 
exceeding  six  hours  per  day. 

over  90 

over  32.2 

All  physical  activities  should  be 
suspended. 

TABLE  1  -  US  Armed  Forces  Protocols  on  Temperature 
Limits  for  Military  Activities. 
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In  order  to  establish  confidence  in  the  trials  data  It  was 
necessary  to  identify  the  source  of  the  discrepancies  and  to  determine 
whether  they  were  methodological  and  attributable  to  measuring 
equipment  or  technique,  or  were  the  result  of  operator  misinterpretation 
of  the  scales,  or  were  random. 

This  rpemorandum  deals  with  that  study:  the  identification  of  the 
source  of  the  discrepancies.  It  was  concluded  that  the  discrepancies 
were  largely  methodological  and  attributable  to  the  instrument. 

2.  DATA  ANALYSIS 

All  data  from  measurements  made  with  a  particular  MINILAB 
were  analysed  in  bulk  with  a  view  to  determining  whether  a  bias  error 
or  scale  error  in  the  weighting  coefficients  existed. 

The  method  used  was  to  assume  that  a  relationship  of  the 
genera  I  form: 

WBGT*  =  a  T  +bT  +cT  +  d 
w  g  a 

could  be  fitted  to  the  data,  and  to  obtain  estimates  of  a,  b,  c,  d 
by  a  least  squares  method  using  an  error  function: 

E  =  Z  (e)2 

=  Z  fa  T  +  b  T  +  c  T  +  d  -  WBGT).,")  2 
L  w  g  a  2  J 

Routines  were  used  both  with  and  without  constraints  of  the  form: 
a  +  b  +  c  =  1 
d  =  0 

The  resu  Its  were  equivocal.  Although  a  bias  of  about  1®C  in 
the  WBGT),  values  was  confirmed,  the  residual  minimum  value  of  E  was 
sufficiently  large  to  indicate  that  the  estimates  of  a,  b,  c,  and  d 
did  not  account  for  the  discrepancies. 

A  detailed  investigation  of  the  method  of  operation  of  the 
MINI  LAB  appeared  to  be  warranted. 

3.  MINI  LAB 

The  principle  of  operation  of  the  MINI  LAB  Instrument  involves 
the  use  of  three  bead  thermistors,  as  temperature  sensing  elements, 
mounted  on  a  cruciform  tree  and  assembled  to  operate  as  wet  bulb,  dry 
bulb  and  globe  thermometers.  Provision  is  made  on  the  wet  bulb  arm  for 
the  attachment  of  a  water  reservoir  and  wick,  and  a  ventilating  fan. 

The  globe  thermistor  is  mounted  in  the  centre  of  a  blackened  hollow 
copper  sphere  of  nominal  diameter  2  inches  (30mm). 
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The  therm! s+or  resistances  are  measured  singly  (for  T  ,  T 
and  T  )  or  in  combination  (for  WBGT)  by  means  of  a  DC  resistance  ® 
bridge.  The  output  current  from  the  bridge  is  fed  to  a  taut  band 
indicating  meter  which  is  scaled  directly  in  degrees  Celsius. 

The  meter  face  is  scaled  with  five  ranges  of  which  only  two 
are  pertinent  to  this  document.  One  scale,  10  -  60°C  is  used  for  wet, 
dry  and  globe  settings,  and  a  separate  scale,  also  10  -  60#C  is  used 
for  the  WBGT  Index  setting.  The  markings  of  both  scales  exhibit 
non-linearity  with  significant  scale  compression  at  the  high  temperature 
end  such  that  the  30°C  index  points  are  roughly  mid-scale.  The 
differences  between  the  scales  varies  across  their  span,  and  also  varies 
between  instruments.  Instruments  appear  to  be  individually  calibrated, 
presumably  with  particular  sensor  trees. 

4.  CIRCUIT  DETAILS  AND  ANALYSIS 

4.1  Circuit 


By  inspection  and  direct  measurement  of  MINI  LAB  Serial  NO. 
K5985  the  circuit  shown  in  Figure  1  was  determined.  The  1500  ohm 
resistors  provide  the  basic  arms  of  the  DC  resistance  bridge.  The 
meter  is  connected  across  the  bridge  with  a  series  resistance 
(presumably  to  adjust  its  sensitivity  to  bridge  unbalance  voltage). 

For  separate  measurement  of  wet,  dry  and  globe  temperatures  the  relevant 
thermistor,  with  a  shunt  resistor,  constitutes  the  test  arm.  The 
reference  arm  is  a  fixed  resistor  (presumably  trimmed  to  give  a  null 
bridge  current  at  10°C),  and  separate  shunt  resistors  are  switched 
across  the  meter  circuit  (presumably  to  adjust  the  full  scale  readings 
at  60#C) . 

For  WBGT  measurements  the  thermistors  are  arranged  in  series,  with 
shunt  resistors  (which  presumably  determine  their  relative  weighting 
to  the  WBGT  index). 

4.2  Meter  and  Scales 


As  near  as  could  be  judged  by  inspection,  the  meter  scale 
extremities  subtended  100  degrees  of  physical  angle  at  the  needle 
pivot  point.  The  meter  movement  and  scales  were  checked  by  measurement 
of  meter  current  and  physical  angle  of  pointer  and  scales,  using  an 
AVO  Mk8  multimeter  and  geometrical  protractor.  The  results  are  as  shown 
in  Figure  2. 


Wet 


|  Dry  Globe 

'  Sensor  tree 


FIG.  1  DC  RESISTANCE  BRIDGE. 


MINILAB  SER. 


K5985 
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4.3  Baste  Bridge 

The  basic  DC  resistance  bridge  circuit  is  as  depicted  in 
Figure  3.  Variations  in  R?  (equivalent  to  the  thermistor  arm)  affect 
the  bridge  offset  current  Tn  two  ways:  firstly  through  the  voltage 
offset  in  the  divider  R.,  R-  and  secondly  through  the  effective 
impedance  seen  by  the  meter?  Thus  the  incremental  change  in  meter 
current,  per  unit  change  in  therm! ster  resistance,  increases  as  the 
thermistor  resistance  decreases. 

This  increasing  sensitivity  of  the  bridge  configuration  tends  to 
compensate  for  the  intrinsic  characteristic  of  thermistors  in  that  their 
incremental  change  in  resistance,  per  unit  change  in  temperature, 
decreases  as  the  temperature  increases. 

However,  the  fixed  resistors  shunting  the  thermistors  tend 
to  linearise  the  thermistor  characteristics,  at  least  across  a  limited 
working  range,  and  the  series  resistor  feeding  the  entire  bridge 
(Fig  1)  tends  to  reduce  the  voltage  across  the  bridge,  and  thus  its 
sensitivity,  as  the  total  current  increases  with  reducing  thermistor 
resistance. 

4.4  Thermistors 


Assuming  that  the  reference  and  scaling  resistors  were 
trimmed  to  give  zero  and  full  scale  readings  at  10°C  and  60°C 
respectively,  then  the  individual  thermistor  resistance  values  at  those 
temperatures  can  be  inferred  both  theoretically  and  experimentally. 
These  thermistor  values  can  then  be  used  to  solve  for  the  constants 
A  and  B  in  the  generalised  thermistor  law: 

Rt  =  Rq  exp  (A  +  B/T) 

where  R«  is  one  ohm  and  provides  the  dimension  of  resistance,  and  T  is 
In  degrees  Kelvin.  With  A  and  B  values  known  the  thermistor 
characteristics  are  determined  over  the  working  temperature  range. 

From  the  circuit  configuration  and  specific  values  of 
resistance  (Fig  1)  the  thermistor  resistance  values  for  zero  scale 
(10°C)  and  full  scale  (60°C)  readings  were  calculated.  The  zero  scale 
values  depend  only  on  resistance  ratios,  whereas  the  full  scale  values 
depend  also  on  the  supply  voltage  to  the  bridge  and  the  meter  current 
at  full  scale. 

A  separate  exper I menta I  method  was  also  used  In  which  decade 
resistance  boxes  were  connected  in  lieu  of  the  thermistors  and 
adjusted  for  zero  and  also  for  full  scale  readings.  The  settings  were 
then  measur  *d with  the  >hm  meter  used  to  determine  the  instrument  circuit 
values.  M  «<*red  <  ies  and  decade  box  settings  were  consistent  to 
within  one  on"" 


For  R  j  =  1500a. 

R,  *  200  a 
R*  =  1500  a 
R,  *  R2-10a 
V  •  3.9v 


*2 

«* 

I 

A 

A 

A 

200 

190 

37.35 

180 

170 

80.81 

180 

150 

88.81 

18# 

130 

88.8# 

120 

110 

58.23 

FIG.  3  BASIC  BRIDGE  AND  SENSITIVITY 


The  results  obtained  by  the  two  methods  are  given  in  Table  2 
The  consistency  in  the  results  is  better  than  had  been  expected.  The 
commercial  identification  of  the  thermistors  has  not  been  established. 


THERMISTORS 


WET 

DRY 

GLOBE 

NOMINAL 

Rjq  (ohm) 
Theoretics  1 

163.2 

171.6 

165.7 

Exper.  measured 

163 

171 

166 

Decade  Setting 

163.8 

171.9 

166.5 

R&0  (ohm) 

Theoretical 

88.7 

101.1 

99.5 

Exper.  measured 

88 

100 

99 

Decade  Setting 

88.4 

100.8 

99.3 

Law 

A 

1 .0333 

1.6187 

1.7154 

1.456 

B  ( °K) 

1149.42 

998.075 

960.704 

1036 

R10  (ohm) 

163.180 

171.652 

165.689 

166.8 

R60  (ohm) 

88.678 

101.081 

99.524 

96.3 

TABLE  2  -  Deduced  Thermistor  Characteristics 

Their  B  value  of  approximately  1000°K  is  unusual;  B  values  are  more 
commonly  between  2000  and  4000° K.  Direct  measurement  of  the  actual 
thermistors  in  the  sensor  tree  confirmed,  to  within  the  measurement 
accuracy  involved,  the  deduced  characteristics.  The  'nominal' 
thermistor  characteristics  listed  were  obtained  by  averaging  the  A 
and  B  values. 

That  nominal  thermistor  characteristic  against  temperature 
is  shown  in  Figure  4,  together  with  those  resulting  from  various 
values  of  shunt  resistance.  For  shunt  resistance  values  below  about 
100  ohm  the  characteristics  are  effectively  linear,  but  with  reduced 
sensitivity  to  temperature  variation.  For  shunt  resistances  above 
about  500  ohm  the  characteristics  are  significantly  non-linear. 
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4.5  Single  Temperature  Measurements 

For  separate  measurement  of  wet  bulb,  dry  bulb  and  globe 
temperatures,  the  arm  of  the  bridge  under  measurement  consists  of 
one  thermistor  shunted  by  a  single  resistance.  For  wet  and  dry  bulb 
the  shunt  resistance  is  approximately  1000  ohm  and  for  globe 
approximately  500  ohm. 

Using  the  specific  circuit  values  (Fig  1)  and  individual 
deduced  thermistor  characteristics  (Table  2),  the  meter  currents 
were  calculated  for  5°C  increments  to  check  on  the  scale  calibration 
and  validity  of  common  use  of  one  scale.  The  results  are  given  in 
Table  3.  Taking  4  microamp  per  degree  Celsius  as  an  average 
sensitivity  over  the  10-60°C  range,  the  consistency  between  the 
separate  measurements  is  well  within  the  ±0.5°C  claimed  for  the 
instrument  and  justifies  the  use  of  a  common  scale.  The  scale 
calibration  also  appears  to  be  just  within  ±0.5°C. 


Wet 

Dry 

Globe 

Nominal 

OHM 

R 

s 

Ser i es 

96 

96 

96 

96 

R1 

1500 

1500 

1500 

1500 

R2 

reference 

139 

146 

125 

142.953 

R3 

meter 

202 

202 

202 

202 

shunt 

231 

365 

1420 

314.854 

R4 

1500 

1500 

1500 

1500 

R5 

shunt 

938 

977 

509 

1000 

Thermistor 

A 

1.0333 

1.6187 

1.7154 

1.456 

X 

0 

CD 

1149.42 

998.075 

960.704 

1036 

TABLE  3  -  Calculated  Meter  Currents  vs  Calibration 
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TABLE  3  (CONT.) 


Wet 

Dry 

Globe 

Norn  i  na  1 

Scale 

#c 

MICRO AMP 

10 

0.0 

0.0 

0.0 

0 

0 

15 

23.9 

23.9 

23.6 

23.9 

22.5 

20 

47.0 

46.8 

46.4 

46.9 

46.0 

25 

69.1 

68.9 

68.4 

69.0 

67.5 

30 

90.4 

90.0 

89.5 

90.2 

89.0 

35 

110.7 

110.4 

109.8 

110.6 

109.5 

40 

130.2 

129.8 

129.3 

130.0 

128.5 

45 

148.9 

148.5 

148.1 

148.7 

148.0 

50 

166.7 

166.4 

166.1 

166.6 

165.0 

55 

183.7 

183.6 

183.4 

183.6 

182.0 

60 

200.0 

200.0 

200.0 

200 

200 

4.6  Combined  Index  Measurements 


For  the  WBGT  Index  measurements  the  thermistors  are  combined 
in  series,  each  with  shunt  resistors  which  determine  the  effective 
weightings.  Ideally  the  weightings  should  not  be  temperature  dependent. 
In  fact,  due  to  the  non-linear  thermistor  characteristics  there  will 
be  some  temperature  dependence  which  will  be  more  marked  for  the 
higher  weighting  on  the  wet  bulb  temperature  -  due  to  the  fact  that 
a  larger  valued  shunt  resistance  is  required,  by  comparison  with  the 
other  weightings. 

From  the  circuit  details,  the  effective  values  of  the 
resistance  appearing  in  shunt  in  the  Index  settings  are  as  given  in 
Table  4,  and  the  calculated  values  for  the  DC  bridge  reference  arms 


Wet 

Dry 

Globe 

OHM 

WBGT) ^ 

240.526 

0 

115.857 

WBGT) 2 

315.322 

54.750 

95.133 

TABLE  4  -  Thermistor  Shunts  in  Index  Mode 


are  209.476  ohm  for  WBGT)2  <cf  210  ohm),  and  165.404  ohm  for  WBGTIj 
(cf  210  parallel  793  ohm;  166.032  ohm).  Again,  the  consistency  Is 
better  than  expected. 

The  variation  of  effective  resistance  with  temperature,  of 
the  combination  of  a  thermistor  Rj  and  a  shunt  resistance  Rs  is  given 
by: 

dR  d  f  RS  *1  } 
dT  '  dT  + 


where 

Ry  =  exp(A+B/T). 

Using  the  R$  values  from  Table  4  and  the  A  and  B  values  from  Table  3 
yields  the  derivatives  and  normalised  weightings  (normalised  to  unity 
sum  at  each  temperature)  given  in  Table  5.  From  the  values  of 
normalised  weights  against  temperature  it  appears  that  the  nominally 
desired  weights  have  been  set  up  for  about  20  -  25°C. 


Wet 

Dry 

Globe 

Wet 

Dry 

Globe 

WBGT)) 

OHM/DEG 

NORM.  WEIGHT 

10°C 

JO 

0 

-  0.337 

EEH 

mm 

Egg 

22®C 

0 

-  0.316 

B 

D 

EH 

35°C 

-  0.642 

0 

-  0.293 

B 

0.313 

60°C 

-  0.491 

0 

-  0.249 

a 

B 

0.337 

wbgt)2 

10#C 

BQ 

-  0.264 

0.723 

0.188 

22*C 

BBS 

-  0.251 

0.702 

0.098 

0.200 

35#C 

-  0.121 

-  0.236 

0.679 

0.108 

0.212 

60°C 

-  0.560 

-  0.112 

-  0.206 

0.637 

0.128 

0.235 

TABLE  5  -  Resistance  Slopes  and  Normalised  Weights 


It  follows  also  that  for  any  particular  WBGT  (by  formal 
definition)  then  for  increasing  magnitude  of  wet  bulb  depression  and 
compensating  globe  elevation,  the  indicated  value  will  give  increasing 
weight  to  the  wet  bulb  value  and  decreasing  weight  to  the  globe  value. 

This  effect  Is  shown  in  Figures  5  and  6.  The  Figures  were 
generated  from  the  deduced  individual  thermistor  characteristics  and 
specific  circuit  values  for  the  shunting  resistors.  For  each  WBGT 
the  nominal  value  of  the  series/shunt  combination  was  calculated  for 
common  thermistor  temperatures  and  then  varied  to  give  the  same 
overall  resistance  value.  Figure  5  shows  the  two  parameter  system  for 
WBGT) i .  For  WBGT>2  the  three  parameter  system  requires  a  three 
dimensional  representation.  For  Figure  6  the  plot  is  reduced  to  two 
parameters  by  constraining  globe  temperature  to  follow  dry  bulb  with 
a  globe  elevation  of  10*C. 

Figures  5  and  6  do  not  include  any  scale  calibration 
error  that  might  exist  In  the  WBGT  scale. 

It  is  apparent  from  the  Figures  that  for  globe  elevations 
and  wet  bulb  depressions  of  less  that  10*C  in  magnitude,  the 
methodological  errors  are  less  that  ±0.5*C  in  WBGT. 

In  order  to  check  the  WBGT  scale  calibration  and  validity 
of  using  a  common  scale  for  WBGT),  and  WBGT)2  the  meter  currents  were 
calculated  for  5°C  increments  using  the  specific  circuit  values 
(other  than  for  the  reference  arm  resistors)  and  deduced  thermistor 
constants,  taking  common  temperatures  for  the  thermistors.  The  results 
are  given  in  Table  6.  The  reference  arm  resistance  values  were 
taken  as  the  calculated  values  in  order  to  force  a  zero  scale  reading 
for  10*C.  The  0.5  ohm  discrepancy  Is  of  the  order  of  the  experimental 
measuring  accuracy,  but  is  equivalent  to  about  0.5*C  offset  or  2 
microamp  meter  current. 


WBGT), 

WBGT)2 

Resca 1 e 

•c 

MICROAMP 

10 

0 

0 

0 

15 

21.9 

22.0 

22.1 

20 

43.4 

43.6 

43.8 

25 

64.5 

64.6 

65.0 

30 

85.1 

85.3 

85.8 

35 

105.3 

105.4 

106.1 

40 

124.9 

125.0 

125.9 

45 

144.1 

144.1 

145.2 

50 

162.8 

162.7 

163.9 

55 

180.9 

180.9 

182.2 

60 

198.6 

198.5 

200 

TABLE  6  Calculated  Mater  Currents  -  Index  Mode 


In  fact,  with  the  experimental  technique  of  using  decade 
resistance  boxes  in  lieu  of  thermistors,  and  with  the  values  adjusted 
to  give  zero  scale  readings  for  wet,  dry  and  globe,  on  switching  to 
Index  mode  to  check  that  zero,  an  offset  of  approximately  0.5°C  high 
was  found.  A  similar  0.25°C  high  offset  was  found  at  the  full  scale 
settings. 

The  calculated  currents  (Table  6)  show  very  high  consistency 
between  the  two  settings  for  WBGT  weights  and  justify  the  use  of  a 
common  scale.  In  the  last  column  of  Table  5  the  average  of  the  two 
currents  has  been  rescaled  to  give  an  exact  full  scale  value  of  200 
microamp  at  60°C  so  that  direct  comparison  may  be  made  with  the 
values  given  in  Table  3  for  the  Wet /Dry /Globe  scale. 

4.7  Scale  Cal i brat  ions 

From  the  calculated  meter  currents  (Tables  3  and  6)  it  is 
seen  that  the  use  of  two  separate  scales,  one  for  Wet /Dry/Globe  and 
one  for  WBGT) i/WBGT)2  is  warranted.  On  the  basis  of  the  calculated 
currents  the  two  scales  should  differ  in  the  mid-scale  region  by 
approximately  1°C,  with  the  WBGT  scale  showing  less  non-linearity 
than  Wet /Dry/G lobe  scale.  That  is  not  the  case  with  the  instrument 
cal i brat  ion  marks. 

The  lesser  degree  of  non-linearity  in  WBGT  currents  stems 
directly  from  the  use  of  lower  valued  shunt  resistances  -  by 
comparison  with  individual  temperature  measurements  -  which  improve 
the  linearity  (see  Fig  4)  of  the  thermistor  resistor  combination. 

In  Figure  7  the  calculated  scales  are  compared  with  the 
actual  instrument  scales.  The  scales  are  plotted  on  a  dimension  of 
meter  current  and  not  graphical  angle  as  in  Figure  2.  The  instrument 
WBGT  scale  appears  to  be  incorrect.  Two  other  MINI  LAB  instruments, 
available  for  inspection,  were  found  to  have  their  scales  somewhat 
similar  to  the  calculated  scales  (Fig  7b)  In  that  they  differed  by 
about  1wc  in  mid-scale  and  had  less  non-linearity  in  the  WBGT  scale 
than  in  the  Wet /Dry /Globe  scale. 

For  the  Instrument  under  examination  the  WBGT  scale  would 
under-read,  in  mid-scale,  by  about  1#C. 

5.  DISCUSSION 

The  set  of  trials  data  in  which  discrepancies  were  noted 
involved  temperatures,  as  measured  by  the  instrument,  of: 

wet  bulb  :  15  -  30#C 

dry  bulb  :  25  -  55#C 

globe  :  35  -  60#C 

and  WBGT) 2  :  20  -  40°C. 


I — I — f 
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FIG.  7  COMPARISON  OF  CALCULATED  AND  ACTUAL  SCALES 


On  occasions  the  globe  temperature  exceeded  full  scale.  Over  these 
ranges  there  are  three  potential  sources  of  discrepancies  which  are 
additive,  and  for  which  the  cummulative  effects  correspond  with  the 
magnitude  of  errors  being  sought  in  the  raw  trials  data. 

The  dominant  source  of  error  appears  to  lie  in  the  WBGT 
scale  calibration  (Fig  7).  For  true  WBGT>2  values  in  the  25  -  40°C 
region,  the  instrument  WBGT  scale  would  give  rise  to  about  1°C 
under-read  error.  (It  is  of  interest  to  note  that  the  instrument 
WBGT  scale  corresponds  very  closely  with  the  calculated  Tw/Ta/Tg  scale 
and  points  to  a  possible  reason  for  a  scale  marking  error.) 

Secondary  sources  of  additive,  but  minor,  discrepancies 
lie  In  the  Tw/Ta/Tg  scale  error  in  the  region  of  50#C  and  in  the 
temperature  dependency  of  the  actual  WBGT  weightings. 

From  a  comparison  of  the  instrument  and  calculated  scales 
for  T„/Ta/Tg  (Fig  7a. 4  b.)  it  appears  that  temperatures  in  the 
45  -  55°C  region  are  likely  to  be  over-read  by  about  0.5°C.  As  a 
consequence  a  calculated  value  for  WBGT  based  on  measured  Ta/Tg 
values  in  that  region  will  over-estimate  by  up  to  0.2#C. 

With  respect  to  WBGT  weightings,  for  large  wet  bulb 
depressions  (ie  of  greater  than  10°C)  at  wet  bulb  values  in  the 
region  of  10  -  20°C,  the  relative  weightings  embodied  in  the 
instrument  are  likely  to  give  rise  to  about  0.5°C  or  more  error  in 
WBGT >2  of  an  under-read  nature  (Fig  6). 

These  three  effects  are  additive  and  taken  together 
correspond  with  the  magnitude  of  error  being  sought  in  the  raw  trials 
data. 

For  a  number  of  spot  cases  checked,  interpreting  the  raw 
trials  data  sets  through  the  instrument  scales  (Fig  7a.)  to  the 
calculated  scales  (Fig  7b.)  reduced  the  discrepancies  to  below  0.5°C. 
This  procedure  accounts  for  scale  marking  errors  but  not  for  the 
effects  of  temperature  dependency  of  WBGT  weighting. 

6.  CONCLUSION 

With  respect  to  the  raw  trials  data  sets.  It  is  recommended 
that  the  measured  values  for  WBGT)2  obtained  with  MINILAB  Serial  No. 
K5985  be  discarded,  and  replaced  by  calculated  values  based  on  the 
measured  wet  bulb,  dry  bulb  and  globe  temperatures.  These  individual 
measurements  appear  to  be  reliable  and  accurate,  with  a  potential 
over-read  of  about  0.5#C  limited  to  dry  bulb  and/or  globe  temperatures 
in  the  region  of  45  -  55°C.  This  is  within  the  nominal  accuracy  of 
the  Instrument. 


From  Figure  7  it  appears  that  the  instrument  WBGT  scale 
is  Incorrectly  calibrated  and  likely  to  yield  errors  of  about  1°C 
over  most  of  its  range.  If  the  normal  use  of  the  Instrument  is  to 
obtain  direct  readings  of  WBGT,  then  recai I  brat  ion  appears  to  be 
warranted. 


From  Table  5  and  Figures  5  and  6  it  appears  that  the 
non-linear  characteristics  of  the  thermistors  are  not  sufficiently 
well  compensated  for  the  weighting  laws  to  be  valid  over  the  full 
temperature  range  of  the  instrument.  However  errors  due  to  that 
cause  are  not  significant  unless  the  wet  bulb  depression  is  greater  in 
magnitude  than  about  10°C. 
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